[1] The first (M1), second (M2), and third (M3) MESSENGER flybys of Mercury traversed the planet's magnetotail from 1.25 to 3.25 R M downstream of the planet, where R M is Mercury's radius (2440 km). The encounters took place under northward, southward, and variable-polarity interplanetary magnetic field (IMF), respectively. The magnetic field strength B in Mercury's magnetotail follows a power law decrease with increasing antisunward distance |X|, B $ |X| G , with G varying from À5.4 for northward to À1.6 for southward IMF. Low-latitude boundary layers (LLBLs) containing strong northward magnetic field were detected at the tail flanks during two of the flybys. The observed thickness of the LLBL was $33% and 16% of the radius of the tail during M1 and M3, respectively, but the boundary layer was completely absent during M2. Clear signatures of tail reconnection are evident in the M2 and M3 magnetic field measurements. Plasmoids and traveling compression regions were observed during M2 and M3 with typical durations of $1-3 s, suggesting diameters of $500-1500 km. Overall, the response of Mercury's magnetotail to the steady southward IMF during M2 appeared very similar to steady magnetospheric convection events at Earth, which are believed to be driven by quasi-continuous reconnection. In contrast, the M3 measurements are dominated by tail loading and unloading events that resemble the large-scale magnetic field reconfigurations observed during magnetospheric substorms at Earth.
Introduction
[2] The flybys of Mercury by the Mariner 10 and MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft have shown that the planet's internal magnetic field is largely dipolar, aligned with the spin axis, and of the same polarity as Earth's field [Anderson et al., 2008 Alexeev et al., 2008 Alexeev et al., , 2010 . The field's interaction with the solar wind causes a portion of Mercury's magnetic field to be swept downstream to form a planetary magnetotail [Russell et al., 1988] . Initial analyses of the MESSENGER measurements showed that the magnetic fields in Mercury's tail varied greatly from one flyby to the next and to exhibit dynamic variations on time scales of seconds to minutes [Slavin et al., , 2009 [Slavin et al., , 2010b .
[3] Previous studies of Mercury's magnetosphere have indicated that the direction of the interplanetary magnetic field (IMF) is the dominant factor determining the intensity of plasma convection in Mercury's magnetosphere through the effects of magnetic reconnection [Baker et al., 1986; Russell et al., 1988; Slavin, 2004; Baumjohann et al., 2006; Fujimoto et al., 2007] . This conclusion has been supported by extensive magnetohydrodynamic [Kabin et al., 2000; Ip and Kopp, 2002; Kidder et al., 2008; Benna et al., 2010] and hybrid simulations [Janhunen and Kallio, 2004; Trávníček et al., 2010; Wang et al., 2010] of Mercury's magnetosphere. Magnetic reconnection occurs at the dayside magnetopause of Earth when there is a component of the IMF that is antiparallel to the subsolar magnetospheric magnetic field. Analysis of MESSENGER magnetic field measurements has shown this also to be the case at Mercury [Slavin et al., 2009 [Slavin et al., , 2010a Anderson et al., 2011] . Indeed, the rate of reconnection at Mercury's magnetopause has been determined to be $10 times that typical at Earth [Slavin et al., 2009] , most probably a result of the low solar wind Alfven Mach number and values of plasma b, the ratio of plasma thermal pressure to magnetic pressure, typical of the inner heliosphere [Slavin and Holzer, 1979; Fujimoto et al., 2007] . Dayside reconnection at Earth loads the tail lobes with magnetic flux and increases the tail's overall energy levels, which are later dissipated in tail reconnection and substorms [Caan et al., 1973] . Such loading of the magnetotail with magnetic flux has also been observed at Mercury, but with the fractional enhancement in the lobe magnetic field much larger than what is observed at Earth, i.e., by up to a factor of 2 [Slavin et al., 2010b] rather than by 10 to 30% as at Earth [Milan et al., 2004; Huang and Cai, 2009] .
[4] The magnetic fields in the northern and southern lobes of planetary magnetotails are oppositely directed and, therefore, always properly oriented for reconnection to occur. However, the magnetic field normal to the cross-tail current layer has a stabilizing effect and inhibits reconnection, especially when the lobe magnetic fields are weak. Tail loading increases the magnetic flux in the lobe and, in turn, tail flaring. This enhanced flaring increases the fraction of solar wind ram pressure applied to the tail and leads to thinning of the plasma sheet and its embedded cross-tail current layer [Kuznetsova et al., 2007; Winglee et al., 2009; Raeder et al., 2010] . Current sheet thinning reduces the normal magnetic field component to the point where it becomes unstable to reconnection. Fast magnetic field reconfiguration and dissipation then ensue with the liberated energy powering rapid magnetospheric convection, plasma heating, energetic particle acceleration, and other phenomena Hones et al., 1984; Baker et al., 1996] .
[5] A fundamental, but not well understood, aspect of the reconnection process is the formation of magnetic islands with helical or quasi-looplike topologies in the cross-tail current layer [Hesse and Kivelson, 1998 ]. These magnetic structures are called "plasmoids" [Hones et al., 1984] . Because of their high speed and large dimensions relative to the surrounding plasma sheet, they locally compress the lobe magnetic field draped about the plasmoid. These compressions accompany the plasmoid as it moves sunward or antisunward. For this reason they are termed "traveling compression regions" (TCRs) [Slavin et al., 1993] . TCRs can be observed over a large fraction of the lobe region, and they are, therefore, observed far more frequently than the underlying plasmoids that occupy a much smaller volume. Plasmoids and TCRs are known to be highly correlated not only with reconnection in the tail, but also with the onset of magnetospheric substorms [Moldwin and Hughes, 1992; Slavin et al., 1992; Baker et al., 1996] . Many flux ropes or magnetic loops can be formed during a given reconnection event, with some being carried sunward and others tailward by the fast Alfvenic jetting of plasma away from reconnection X lines [Slavin et al., 2003 . Indeed, initial analyses of the MESSENGER measurements have revealed the presence of sunward and antisunward moving plasmoids and TCRs at Mercury [Slavin et al., 2009 [Slavin et al., , 2010b .
[6] The circulation of plasma, magnetic flux, and energy from the X line at the dayside magnetopause to the X line in the nightside cross-tail current layer constitutes the "Dungey cycle" that powers Earth-type magnetospheres [Dungey, 1961; Cowley, 1982] . The Dungey cycle time at Earth is $1 h [Cowley, 1982] , but at Mercury it is only $1-2 min [Siscoe et al., 1975; Slavin et al., 2009] . However, much remains to be understood regarding the system-wide response of magnetospheres to reconnection and the role of upstream "drivers," including IMF direction and such internal conditions as ionospheric conductance. A steady southward component of the IMF at Earth (i.e., antiparallel to the subsolar planetary magnetic field) is sometimes observed to drive periods of enhanced, but steady, magnetospheric convection, termed steady magnetospheric convection (SMC) events [Sergeev et al., 1996; Tanskanen et al., 2005; McPherron et al., 2005] . In contrast, intervals of southward IMF of variable intensity and duration tend to load the tail with magnetic flux transferred from the dayside magnetosphere Caan et al., 1973] . This newly opened magnetic flux is stored in the lobes for a time on the order of the Dungey cycle time and then dissipated (i.e., closed and returned to the forward magnetosphere) by reconnection in the tail [Milan et al., 2004] . The factors determining the length of time that magnetic fields may be stored in the tail and the cause or "trigger" for the onset of unloading, however, remain elusive [Henderson et al., 1996; Lyons et al., 1997; Hsu and McPherron, 2004; Liou, 2007] . These episodes of intense reconnection-driven convection that unload the tail are termed magnetospheric substorms [Baker et al., 1996] . Although terrestrial-style substorms involving auroras and the close coupling between an electrically conducting ionosphere and a magnetosphere cannot take place at Mercury, Mariner 10, and MESSENGER observations of rapid variations in the tail magnetic fields accompanied by plasmoid ejection and charged particle acceleration are collectively termed "substorms" as well [Siscoe et al., 1975; Slavin et al., 2010b] .
[7] Here we analyze MESSENGER observations of Mercury's magnetotail during intervals of northward, southward, and variable-polarity IMF. The structure of the magnetotail is examined and found to be similar to that of Earth. The response of Mercury's magnetotail to continuous southward IMF is found to be similar to steady magnetospheric convection events at Earth. In contrast, variable-polarity IMF produces rapid, large-amplitude reconfigurations of the magnetospheric magnetic field very similar to those observed during terrestrial magnetospheric substorms. Figure 1 . The mean bow shock and magnetopause surfaces shown are those derived from the boundary crossings observed during the five flybys [Slavin et al., 2010b] . The three MESSENGER flybys are notable for lying very close to the plane of Mercury's orbit. In contrast, MI was moderately inclined and passed through Mercury's orbital plane very near closest approach, whereas MIII was a very high-latitude flyby near the terminator plane. Data taken during this latter Mariner 10 flyby will not be used in this study. Taken together, the observations during MI, M1, M2, and M3 provide good coverage of the dusk side of Mercury's magnetotail between X MSO $ À1.25 and À3.25 R M , where R M is Mercury's radius. Mercury solar orbital (MSO) coordinates are used in this paper for both the magnetic field (B X , B Y , B Z ) and spacecraft position (X MSO , Y MSO , Z MSO ). In MSO coordinates X MSO is directed from the center of the planet toward the Sun, Z MSO is normal to Mercury's orbital plane and positive toward the north celestial pole, and Y MSO is positive in the direction opposite to orbital motion. MESSENGER's orbit about Mercury is expected to be relatively fixed in inertial space with an 82.5°inclination and an initial periapsis latitude near 60°N. As Mercury orbits the Sun during the course of its 88 day year, MESSENGER's orbit will cross the equatorial plane and sample the low-latitude magnetosphere at only two radial distances from the center of Mercury, $1.5 and 3 R M [Solomon et al., 2001] .
Mariner 10 and MESSENGER Flyby Trajectories
[9] In addition to MSO coordinates it is useful to define coordinates, denoted here by primes, that are aberrated (i.e., rotated) by a small angle so that the X′ MSO axis is antiparallel to the mean solar wind flow direction in Mercury's rest frame. For the purpose of aberrating the Mariner 10 and MESSENGER measurements the solar wind is assumed to be radial outward from the Sun, and the best available estimates of solar wind speed [Ogilvie et al., 1977; Baker et al., 2009 Baker et al., , 2011 ] are used, as described in the next section.
Interplanetary Conditions
[10] Magnetic field measurements [Ness et al., 1974] taken just before (after) the inbound (outbound) bow shock encounters during MI are displayed in Figure 2 . As shown, this encounter began with relatively steady northward IMF B Z , but ended with southward magnetic fields observed immediately upon exit through the magnetopause into the magnetosheath. Because of the quiet nature of the tail magnetic field before closest approach and the large amplitude of the fluctuations that commenced afterward, it has been hypothesized that the IMF turned southward near the time that Mariner 10 first encountered the dipolar magnetic field near the planet [Siscoe et al., 1975; Ogilvie et al., 1977] .
[11] Magnetic field measurements [Anderson et al., 2007] taken by MESSENGER in the vicinity of the outbound bow shock during M1 and M2 and the inbound bow shock during M3 (no measurements were taken following closest approach during M3 because the power system software triggered a safe hold that stopped instrument data collection [Slavin et al., 2010b] ), are shown in Figure 3 . The outbound IMF observations are preferred here because they are taken only a few minutes after the outbound magnetopause observations, whereas the inbound bow shock crossings are more than an hour before the inbound magnetopause crossings. Hence, the outbound IMF is more representative of that during the magnetospheric passage than the inbound IMF . As displayed, the IMF was steadily northward during M1 [Anderson et al., 2008] and steadily southward for M2 [Slavin et al., 2009] . M3 was different in that IMF B Z was on average near zero but meandered northward and then southward on time scales of minutes in the magnetosheath during the period leading up to the magnetopause crossing [Slavin et al., 2010b] . The IMF during M3 was about 32 nT or nearly twice that of the other flybys. For all three MESSENGER flybys the radial or B X component of the IMF was dominant because the typical Parker spiral angle (i.e., the angle that the IMF makes to the radial direction from the Sun) is only $20°at Mercury orbit . [12] The upstream solar wind speed and density for the first Mariner 10 flyby were estimated to be 550 km/s and 14 cm À3 on the basis of in situ electron measurements [Ogilvie et al., 1977] . MESSENGER carries a Fast Imaging Plasma Spectrometer (FIPS), but its primary purpose is the determination of planetary ion composition and its location behind the spacecraft sunshade precludes regular solar wind measurements [Zurbuchen et al., 2008; Raines et al., 2011] . However, ground-based magnetograph measurements of solar magnetic field have been used to estimate solar wind speed, density, and temperature for the MESSENGER flybys using the well validated Wang-Sheeley-Arge (WSA) simulation model [Baker et al., 2009 . The solar wind parameters inferred in this manner for M1, M2, and M3 are 420 km/s, 60 cm À3 , and 1.2 Â 10 5 K; 380 km/s, 60 cm À3 , and 2.0 Â 10 5 K; and 390 km/s, 50 cm À3 , and T = 1.0 Â 10 5 K, respectively.
Magnetic Field Variation Down the Tail
[13] The magnetic field intensity in planetary magnetotails decreases with increasing distance down the tail [Slavin et al., 1985; Kivelson and Khurana, 2002; Jackman and Arridge, 2011] . In the absence of comprehensive plasma measurements, magnetic field measurements in the tail are classified as being characteristic of the "lobe" or "plasma sheet" regions on the basis of field intensity, direction, and level of fluctuations. This approach has been used frequently with good results and is described in more detail elsewhere [e.g., Slavin et al., 1985] . Briefly, steady, strong magnetic fields, relative to the draped IMF in the magnetosheath, oriented generally toward or away from Mercury are identified as lobe regions, whereas weaker, more variable magnetic fields in Mercury's wake are classified as plasma sheet regions for the analysis of the gross morphology of the tail magnetic field.
[14] The decrease in tail field intensity with distance occurs because the outward flaring of the magnetopause decreases with increasing distance as the tail becomes more cylindrical [Coroniti and Kennel, 1972] . In the plasma sheet the situation is complicated by the fact that the thermal pressure of the plasma is generally much greater than the magnetic pressure and the gradient in the plasma pressure down the tail is balanced by the sunward J Â B force in the cross-tail current layer, where J is the current. However, a power law decrease in magnetic field intensity B with downstream distance |X| nonetheless fits the tail magnetic fields in both regions well:
where B 0 is the asymptotic distant tail field. For example, the Earth lobe field decreases from X $ À20 to À200 R E (where R E is Earth's radius) as G $ À0.5 until a terminal diameter of $60 R E is reached at X $ À100 R E where B 0 $ 10 nT [Slavin et al., 1985] . Balance between the magnetic pressure in the lobes and the magnetic and thermal plasma pressure in the interplanetary medium implies, under the assumption that the magnetic and plasma pressures are similar, that the terminal lobe magnetic field intensity is approximately equal to √2 or $1.4 times the IMF strength. The values of B 0 expected for MI, M1, and M2 by this scaling argument are $25-30 nT, whereas the strong IMF during M3 implies B 0 $ 46 nT. Similar display for the second and third MESSENGER tail passages, which took place during southward and mixed northward/southward IMF conditions, respectively. Best fits to the decrease in field magnitude with increasing distance down the tail are indicated; for M3, the fit is only to the peaks in the field magnitude.
B Z was steadily southward and of variable polarity, respectively. The MI and M2 measurements were taken in the tail lobes [Ness et al., 1974; Slavin et al., 2009] . The M3 measurements were also primarily collected in the lobes, but the tail appears to have been undergoing strong temporal variations in the form of four large-amplitude tail loading and unloading events [Slavin et al., 2010b] . Least squares power law fits to these data show that the decrease with planetary distance for MI is much faster, G = À5.4, than the G = À1.6 determined for M2. The temporal variations in the M3 measurements preclude a single fit to all of the measurements, but, as shown in Figure 4b , a G = À1.6 curve with B 0 = 28.9 nT does produce a physically reasonable fit to the peak loading intervals in the M3 data. For MI and M2, the estimated values of the terminal lobe field B 0 of 37 and 19 nT straddle the expected value of $25-30 nT scaled from IMF intensity, respectively.
[16] The large difference in the G values between MI and M2-M3 is likely due to the very different IMF B Z conditions under which the measurements were collected. For northward IMF the tail flux content is expected to be lower, the rate of magnetic field decrease more rapid, and the location at which tail flaring ceases closer to the planet [Coroniti and Kennel, 1972; Macek and Grzedzielski, 1986] . The faster decrease in magnetic field intensity for MI, G = À5.4, under IMF B Z > 0 compared with the slower decrease, G = À1.6, for M2 and M3 under B Z < 0, is consistent with this expectation. Fits to the near-tail magnetic field at Earth at scaled distances close to those for the MESSENGER flybys produce G values of À3.4 to À0.9 [Nakai et al., 1999] , which are similar to those obtained here. The M1 measurements in Figure 4a differ in that they appear to have been taken in the central plasma sheet . Like the MI flyby measurements, the first MESSENGER flyby data were also collected during IMF B Z > 0. The weakness of the M1 magnetic fields is readily attributed to the high plasma pressure in the plasma sheet. The rapid decrease in magnetic field intensity for M1, G = À5.6, is similar to the rate determined for MI under similarly northward IMF.
Magnetic Field Variation Across the Tail
[17] Inspection of the trajectory plots indicates that the MESSENGER data also provide information regarding how Mercury's magnetic field varies across the magnetotail (i.e., from dusk to dawn). Figure 5a displays the M1 magnetic field measurements as a function of Y′ MSO . The plot spans the region from the inbound magnetopause crossing at 1843:02 UTC to local midnight. The magnetic field immediately inside the tail was northward and weak relative to the field in the external magnetosheath, indicating that MESSENGER was located deep in the central plasma sheet and the cross-tail current layer . Immediately thereafter the longitude angle of the magnetic field rotated through 180°twice, between 1843 and 1846 UTC, during what may have been an incipient KelvinHelmholtz boundary wave encounter Sundberg et al., 2010] . The magnetic field then gradually rotated from sunward (longitude 0°) to antisunward (180°) as MESSENGER moved through the cross-tail current layer between 1847 and 1849 UTC.
[18] Special attention is called to the steady latitude angle of 45°-50°over a length scale of 0.8 R M , or $2 Â 10 3 km, inward from the magnetopause. This same phenomenon in the low-latitude magnetic field at the flanks of the tail is observed at Earth, and it is termed the low-latitude boundary layer (LLBL) [Fairfield, 1979; Slavin et al., 1985; Kaymaz et al., 1994] . The magnetotail LLBL is believed to be the tailward extension of the low-latitude boundary layer that forms just inside the dayside magnetopause [Hones et al., 1972; Cowley, 1982; Mitchell et al., 1987] .
[19] The analogous magnetic field measurements during M2 are presented in Figure 5b . These observations, which were made during an interval with steady southward IMF B Z , show no indication of an LLBL at the flank of the tail. The latitude angle of the magnetic field was small all across the tail, consistent with a tail magnetic field that was highly stretched and a plasma sheet that was highly thinned [Slavin et al., 2009] . In contrast, the magnetic field measurements during M3 displayed in Figure 5c show a clear but narrow LLBL at the dusk flank of the tail. The width of the region of strongly northward directed magnetic fields, with latitude angles of $40°-45°, is about 0.25 R M or 1 Â 10 3 km. The M3 LLBL region extended beyond the very strong KelvinHelmholtz boundary wave activity that accompanied the first tail-loading event [Slavin et al., 2010b; Boardsen et al., 2010] . The time history of the IMF B Z component while MESSENGER was in Mercury's magnetotail is not known, but the existence of strong tail-loading events implies that the IMF continued to vary between northward and southward tilting on time scales of $1-10 min as it had for some time prior to entry into the tail [Slavin et al., 2010b] .
Plasmoids and Traveling Compression Regions
[20] A plasmoid can be seen in magnetic field measurements taken between 0811 and 0817 UTC during M2 (Figure 6a) . The plasmoid, which occurred shortly after the magnetopause crossing at 0811:57 UTC, is indicated by the north-then-south variation in the magnetic field followed by a longer recovery back to B Z $ 0 [Slavin et al., 2009] . The time between extrema of the AEB Z signatures, marking the boundaries of the plasmoid, is about 4 s. Beginning 58 s later, a series of four brief compressions of the lobe magnetic field were observed between 0813:30 and 0817:00 UTC at intervals of 30-62 s. Each compression was accompanied by north-then-south (NS) tilting of the magnetic field. These several-second-long events are all NS-traveling compression regions caused by the draping of the lobe magnetic field about plasmoids as they are ejected down the tail. The eastthen-west field-line draping accompanying some of the events indicates that the underlying plasmoids extended to greater AEZ MSO values duskward of MESSENGER (e.g., see the discussion of three-dimensional draping by Slavin et al. [1993] ). During the time interval spanned by the M2 plasmoid and NS TCRs the intensity of the tail magnetic field was relatively constant at $30-35 nT. Hence, the rate of magnetic flux addition to the tail by reconnection at the dayside magnetopause must have been in approximate balance with the rate of flux removal by tail reconnection and the plasmoid ejection process.
[21] Further examples of plasmoids may be seen in magnetic field measurements obtained during M3, from 2132 to 2134 UTC, within a 2 min period centered on the second tail-loading event [Slavin et al., 2010b ] (see Figure 6b) . Three pairs of several-second-long plasmoids are identified on the basis of their north-then-south B Z signatures followed by a slower recovery back to B Z $ 0. The close proximity of the plasmoids in each pair with a separation comparable to their duration suggests that they formed in parallel due to reconnection at multiple simultaneous X lines . The amplitude of the north-south field variation is weakest for the first pair and strongest in the final pair. The time spacing between successive pairs of plasmoids was $20 and 60 s. These events mark the transition from loading to unloading, with the magnetic field steadily decreasing after the middle pair of plasmoids.
[22] Five TCRs may be seen during a 10 min segment of magnetic field data from M2 (Figure 7a ) spanning 0822 to 0832 UTC at positions between X′ $ À2.4 and À1.7 R M . The events are similar to the TCRs in Figure 6a , except that the sense of the B Z draping pattern is south-then-north (SN), indicating that they are associated with sunward-moving plasmoids . The TCRs occurred at 0823:06, 0826:22, 0829:14, 0830:15, and 0830:44 UTC, respectively. The time between events was less regular than for the earlier plasmoids and TCRs, but the spacing between the last three events was, again, $30-60 s. Three additional SN TCRs can be seen within 2 min of M3 magnetic field measurements from 2140 to 2142 UTC centered on the third M3 tail-loading event (Figure 7b ). The three TCRs were close in time to each other at 2140:54, 2141:07, and 2141:17 UTC, in a temporal pattern similar to that of the plasmoid pairs during the second tail-loading event (Figure 6b) .
[23] A superposed epoch analysis of the one M2 and six M3 plasmoids is presented in Figure 8a . In this analysis the zero epoch is the taken to be the midpoint in the B Z variation. The average B Z waveform shows a $2-3 s long plasmoid followed by a $4-5 s interval of plasma sheet with southward B Z that recovers toward zero. The observation of such "postplasmoid plasma sheet" intervals is very common and attributed to continued lobe reconnection after the plasmoid has been formed and has started to move down the tail [Richardson et al., 1987] . There is no enhancement of the B Y component as would be expected if the plasmoids had the magnetic topology of flux ropes [Moldwin and Hughes, 1992] . Further, there is a minimum in the total magnetic field intensity consistent with these Figure 8a . Superposed epoch analysis of the one M2 and six M3 plasmoids over a AE10 s window. The north-then-south magnetic field variation takes place on a time scale of $2 s and is followed by a longer postplasmoid interval of southward magnetic field. MESSENGER plasmoids having a looplike as opposed to flux-rope-type magnetic structure. However, the number of plasmoids observed during the MESSENGER flybys is small. For this reason the apparent tendency toward more looplike as opposed to flux-rope-type plasmoids at Mercury requires confirmation from measurements made during MESSENGER's orbital mission phase.
[24] The superposed epoch analysis of the nine M2 and three M3 TCRs is presented in Figure 8b . Note that the relative times of the SN TCR magnetic field measurements have been reversed so that all 12 TCRs could be used to construct the superposed epoch-averaged NS waveform. The duration of the TCR perturbation is $2-3 s, as was the case for the plasmoids. The compression ratio or amplitude of the variation in total magnetic field intensity for the Mercury TCRs was $1 nT, or $2% of the mean tail field. These values compare to a mean duration and amplitude of 36 s and 2.5% for TCRs in Earth's tail at similar relative distances, respectively. Thus, the amplitudes of the TCRs in these two magnetospheres are quite similar, but their temporal durations are different by a factor of $20.
[25] The durations of all of the M2 and M3 plasmoids and TCRs determined from the extrema in their B Z and B Y variations are displayed as a histogram in Figure 9a . The mean duration of the plasmoids and TCRs seen to date at Mercury was 3.1 s. The locations of the events are plotted along MESSENGER's M2 and M3 trajectories in Figure 9b . The transition from NS to SN events provides an average location of the dominant reconnection X lines [Slavin et al., 2003 . The locations and polarities of the M2 and M3 events in Figure 9b indicate mean near-Mercury neutral line locations of X′ MSO = À2.8 R M and À1.8 R M for M2 and M3, respectively.
Determination of Plasma b for Plasma Sheet and Plasmoids
[26] The region of overlap between the Mariner 10 MI and MESSENGER M1 measurements in Figure 4a , X′ $ À1.85 to À1.55 R M, shows that the lobe magnetic field was a factor of $2.5 greater than that in the central plasma sheet. If plasma pressure is negligible in the tail lobes, then from the balance of pressure between the lobe and plasma sheet, the ratio of plasma thermal pressure to magnetic pressure, b = nk B (T i + T e )/(B 2 /2m o ), in the plasma sheet may be estimated from the magnetic field measurements alone:
where B L and B ps are the intensity of the magnetic fields in the lobes and plasma sheet, respectively, and where n, k B , T i , T e , and m o are the ion density, Boltzmann constant, ion temperature, electron temperature, and magnetic permeability of free space, respectively. In this manner, the lobe and plasma sheet models in Figure 4a at X′ = -1.75 R M indicate a central plasma sheet b ps value of $5 for IMF B Z > 0. [27] For IMF B Z < 0, Figure 4b shows that we do not have simultaneous lobe and plasma sheet magnetic field measurements. However, each of the M3 plasmoids marked in Figure 6b was associated with a decrease in total magnetic field intensity, with the events beginning and ending with the spacecraft in the lobes of the tail. These rapid transitions from the lobe into the plasmoids can be used to infer plasma b within the plasmoids just as was done above for the plasma sheet. The b plasmoid values for the six events in Figure 6b are 224, 148, 0.7, 2.6, 0.7, and 76. The lower b values for the third, fourth, and fifth plasmoids may be due to a shallower penetration of the spacecraft into the plasmoid. Indeed, the highest plasma b values were all associated with plasmoids for which MESSENGER observed the B X component to approach zero and/or reverse sign, indicative of the spacecraft approaching or crossing the equatorial plane of the plasmoid where b would be expected to be highest.
Discussion
[28] MESSENGER's three flybys have returned new observations of Mercury's magnetotail between X MSO $ À1.25 and À3.25 R M . For the modeled subsolar magnetopause distance of 1.3 R M from the center of the planet [Slavin et al., 2010b] , these distances correspond to $1-2.5 solar wind standoff distances. At Earth this number of standoff distances down the tail would correspond to X $ -11 to À28 R E . Alternatively, if we scale the MESSENGER flybys to the Earth's magnetosphere using a factor of $8 on the basis of relative boundary locations [Ogilvie et al., 1977] , they would map to Earth-equivalent distances of X $ À12 to À26 R E in Earth's magnetotail. With either scaling approach, it is clear that the MESSENGER flyby measurements were taken in the region of the tail where experience at Earth would predict that magnetic reconnection is most frequently observed [Nagai et al., 1998 ].
[29] The Mariner 10 and MESSENGER measurements show that the magnetic fields in Mercury's tail decrease with distance down the tail at a rate comparable to what is observed at Earth [Nakai et al., 1999] and the other planets [Kivelson and Khurana, 2002; Jackman and Arridge, 2011] . The limited number of magnetopause boundary crossings available from the Mariner 10 and MESSENGER flybys is not yet sufficient to directly measure the enhanced flaring of this boundary as dayside reconnection adds magnetic flux to the tail lobes [cf. Sibeck et al., 1991] . However, the lobe magnetic field intensities measured by Mariner 10 and MESSENGER at similar distances, X $ -1.65 to -1.85 R M , during steady northward and southward IMF are $50 nT (MI) versus $60 nT (M2), respectively. This observation of somewhat stronger lobe magnetic fields for southward IMF may be due to the expected increase in tail flaring in response to dayside magnetopause reconnection at Mercury, but changes in external solar wind pressure may also have occurred. The power law rate of decrease in the tail magnetic fields is more rapid for IMF B Z > 0 than for B Z < 0. This result is consistent with plasma sheet thinning and a reduction in the amount of magnetic field closing across the tail current sheet when the southward IMF and the tail stress levels are high.
[30] For none of the magnetic field profiles do the data suggest that the magnetic fields had reached their terminal value and ceased decreasing by X′ MSO $ -3.25 R M . If the $100 R E distance in the Earth's tail where magnetopause flaring ceases is scaled to Mercury using the factor of $8 factor given by Ogilvie et al. [1977] , then the resulting value is $12.5 R M , or about 4 times farther than the most distant tail measurements collected at Mercury to date. Hence, the fact that the Figure 4 lobe magnetic field profiles decrease throughout the domain X′ $ À1.25 to -3.25 R M is consistent with expectations from Earth's tail.
[31] Examination of the flyby magnetic field measurements as a function of Y′ MSO has revealed the presence of a low-latitude boundary layer along the flanks of the tail. The great extent of the LLBL is shown approximately to scale in Figure 10a . Mercury's LLBL was observed to be thickest, $2 Â 10 3 km or 0.8 R M , during the M1 flyby with its steady, northward IMF. The LLBL was also present under variablepolarity IMF B Z , during M3, but was thinner by a factor of Figure 10 . (a) Mercury's magnetosphere for IMF B Z > 0 with no magnetic field normal to the magnetopause, limited flaring, a thick plasma sheet with no X lines, and a well-developed low-latitude boundary layer. (b) Under IMF B Z < 0, dayside reconnection creates a strong magnetic field normal to the magnetopause, the dayside magnetosphere contracts as the cusps are displaced equatorward, the lobes load with magnetic flux, and the plasma sheet and embedded current sheet thin to the point of instability, leading to the development of the near-Mercury neutral line that dissipates the excess magnetic flux in the lobes. $2. It was completely absent for steady, southward IMF during M2. Statistical analyses of the tail magnetic field at Earth indicate that the width of the LLBL is typically 10%-20% of the radius of the magnetotail [Fairfield, 1979; Slavin et al., 1985; Kaymaz et al., 1994] . With LLBL thicknesses of $33% and 16% of the mean magnetotail radius, the MESSENGER measurements suggest that the boundary layer at Mercury may be relatively greater in thickness than at Earth.
[32] The LLBL on the flanks of the tail is believed to arise as a result of quasi-viscous interactions between the solar wind and the geomagnetic field and/or double lobe reconnection [Crooker, 1979] . This latter reconnection-driven process splices segments of IMF flux tubes into planetary flux tubes by simultaneous reconnection at the northern and southern magnetic cusps [Raeder et al., 1995] . The LLBLs seen during M1 and M3 also overlap with maxima in the flux of heavy planetary ions as measured by FIPS and with Kelvin-Helmholtz boundary wave activity [Zurbuchen et al., 2008; Slavin et al., 2008 Slavin et al., , 2010b Boardsen et al., 2010; Sundberg et al., 2010] . Finite Larmor-radius effects associated with these heavy planetary ions are likely to play a role in the Kelvin-Helmholtz mechanism and other processes affecting the LLBL [Uritsky et al., 2011] . The entry into the tail of planetary ions picked up in the magnetosheath would constitute a quasi-viscous process in that antisunward momentum is transmitted to the closed magnetic field lines along the flanks of Mercury's magnetosphere. Similarly, Kelvin-Helmholtz boundary waves propagating antisunward also result in the transfer of solar wind plasma and momentum to the closed magnetic flux tubes at the flanks of the magnetosphere [Otto and Fairfield, 2000; Hasegawa et al., 2004; Nakamura et al., 2006] . However, the fact that the MES-SENGER observations of the LLBL were strongest for steady, northward IMF is also in good agreement with the double-cusp reconnection model for LLBL formation [Raeder et al., 1995] . Additional measurements from MESSENGER's orbital phase will be necessary to determine whether Mercury's tail-flank LLBL is primarily controlled by cusp reconnection or whether Kelvin-Helmholtz boundary waves and/or planetary ions also play a role.
[33] The southward IMF during M2 produced steady tail magnetic fields whereas the variable-polarity IMF B Z during M3 gave rise to a series of tail loading and unloading events. Each of these events lasted several minutes (see Figure 4b ) and possessed relative amplitudes about an order of magnitude larger than observed at Earth [Slavin et al., 2010b] . The frequent episodes of reconnection during the M2 and M3 tail passes was also evident in the plasmoids and TCRs recorded in the Magnetometer observations. The M2 plasmoids and TCRs were observed throughout the tail pass and were often separated in time from each other by $30-60 s. Remarkably, the time separation between the two FTEs observed near the M2 magnetopause was also $30 s [Slavin et al., 2010a] . This separation raises the possibility that $30 s is a fundamental time scale for more than one dynamic magnetospheric process at Mercury or that the magnetic flux transferred into the magnetotail by FTEs may be triggering the episodes of tail reconnection that produce the plasmoids and TCRs at $30 s intervals.
[34] The plasmoids and TCRs during M3, in contrast with those seen during M2, were observed only near the time of peak tail loading. The six M3 plasmoids were also different in that they occurred in three pairs, with the plasmoids in each pair separated from each other by only a few seconds. However, the pairs were, in turn, separated from each other by $30-60 s. The brief separations between the plasmoids in each pair argue that the two plasmoids formed simultaneously. Although formation in series cannot be ruled out by these single-spacecraft observations, it should be noted that the formation of "chains" of magnetic islands (i.e., plasmoids or flux ropes) is a well-known property of ion tearingmode reconnection theory and simulation [Schindler, 1974; Tanaka et al., 2011] .
[35] The analysis of the events presented here indicates that the durations of the plasmoids and TCRs for M2 and M3 were $1-3 s (see Figure 9a) . At Earth the mean ejection speed for plasmoids is $500 km/s [Ieda et al., 1998; Slavin et al., 2003] . Plasmoid ejection has also been observed at Jupiter [Kronberg et al., 2008] and Saturn [Hill et al., 2008] with Earth-like speeds of $500-800 km/s. If we assume a similar plasmoid speed of 500 km/s at Mercury, then the average diameters of these structures at Mercury are $500-1500 km, or 0.2-0.6 R M . For the factor of $8 spatial scaling from Mercury to Earth, these plasmoids documented by MESSENGER are similar in diameter to those observed in Earth's near-tail region [Ieda et al., 1998; Slavin et al., 2003] . These Mercury plasmoids and TCRs are depicted approximately to scale relative to Mercury and its magnetosphere in Figure 10b .
[36] Invoking pressure balance between the lobes and the plasma sheet, the ratio of the plasma thermal pressure to magnetic pressure has been inferred from the diamagnetic decrease in the magnetic field as the spacecraft moved from the lobe to plasma sheet and lobe to plasmoids. For IMF B Z > 0, the MI and M1 magnetic field profiles imply a plasma sheet b ps of $5, which is comparable to what was determined for this region from H + plasma ion measurements by FIPS . It is also very near the average plasma b determined by Slavin et al. [1985] for Earth's plasma sheet between X $ -50 and -220 R E . However, the strongest diamagnetic decreases in magnetic field intensity were observed during the second M3 tail-loading event in association with transitions from the lobe region into plasmoids (see Figures 4b and 6b ). In these cases b values up to $224 are inferred from the magnetic field measurements. Plasma sheet b at Earth during reconnection events and in the vicinity of plasmoids is typically high, i.e., >1, with peak values of order 10 1 to 10 2 , similar to those inferred from the MESSENGER measurements [Frank et al., 1994; Slavin et al., 2003; Henderson et al., 2006; Zhang et al., 2007] . These results indicating that reconnection produces strong heating of the magnetotail plasma populations at Mercury strongly support the factor of 20 increase in b in the near-tail plasma sheet determined by FIPS during M1 and M2 .
[37] It has been shown that the sense of the plasmoid and TCR B Z signatures changed from north-then-south to souththen-north tilting of the magnetic field at X′ MSO = À2.8 R M and À1.8 R M for M2 and M3, respectively. Just as at Earth [Baker et al., 1996] , this point where the plasma sheet flow, and the transport of plasmoids, changes from sunward to tailward is expected to correspond to the location of the near-Mercury neutral line (NMNL). Magnetic loops or flux ropes forming as a result of reconnection sunward of the NMNL will be carried sunward toward Mercury, whereas structures forming antisunward of the NMNL will be ejected down the tail. The loops or flux ropes transported sunward are expected to dissipate by re-reconnecting with the stronger dipolar planetary magnetic field closer to the planet [Slavin et al., 2003] . The antisunward plasmoids move down the tail at relatively high speed and are eventually lost to the solar wind [Hones et al., 1984; Moldwin and Hughes, 1992; Ieda et al., 1998 ]. These MESSENGER flyby observations support the arguments by Baker et al. [1986] , from their analysis of the Mariner 10 energetic-particle events, that the NMNL forms very close to Mercury.
[38] The first, second, and third MESSENGER flybys occurred during steady northward, steady southward, and variable-polarity interplanetary magnetic field B Z , respectively. Each of these IMF orientations is known to produce distinct magnetospheric responses in Earth's magnetosphere. The energy transferred to the terrestrial magnetosphere as a result of dayside reconnection can either be dissipated in a continuous manner, termed steady magnetospheric convection [Sergeev et al., 1996] , or loaded into the tail in the form of enhanced lobe magnetic field fields and then unloaded by tail reconnection during a substorm Baker et al., 1996] . The SMCs tend to develop during intervals of steady, moderate-intensity, southward IMF lasting many Dungey cycle times [O'Brien et al., 2002; Kissinger et al., 2010] . The duration of the tail loading and unloading intervals, sometimes referred to as the "growth" and "expansion" phases of the substorm because of the accompanying auroral signatures , are typically on the order of the Dungey cycle time. When the IMF B Z polarity varies on time scales approaching the Dungey cycle time, isolated substorms with well-defined loading and unloading are observed [Baker et al., 1996] . However, a strongly southward IMF B Z can produce periodic substorms with very strong $1-3 h long loading and unloading cycles with amplitudes of $10% to 30% [Huang and Cai, 2009] . The amplitude of the tail loading and unloading observed by MESSENGER during M3 are nearly an order of magnitude larger than these most intense events at Earth [Slavin et al., 2010b] . The fact that such strong tail loading can occur despite the very fast time scales for plasma and magnetic flux circulation within Mercury's magnetosphere is surprising [Luhmann et al., 1998 ]. However, we speculate that the intensity of the loading of Mercury's tail may simply be a consequence of the very short time to transport flux from the dayside magnetopause into the tail, i.e., $2 R M /500 km/s = 10 s, relative to the $2 min Dungey cycle time and the very high magnetopause reconnection rates. Although the lack of an ionosphere at Mercury contributes to the brief Dungey cycle, the rate of reconnection at Mercury's magnetopause may be higher still and result in major reconfigurations of this small magnetosphere [Slavin and Holzer, 1979; Baker et al., 1986] .
Summary
[39] Taken together, the results of this paper indicate that Mercury's magnetotail is structurally similar to that of Earth, at least under the average to weak solar wind conditions seen during the MESSENGER flybys [Baker et al., 2009 . It responds to IMF direction in a manner qualitatively similar to Earth's tail, but with much shorter time scales and greater intensity. Steady northward IMF produces steady lobe magnetic fields, a relatively low-b plasma sheet, and thick low-latitude boundary layers and Kelvin-Helmholtz boundary waves at the flanks of the tail. Steady southward IMF causes tail reconnection to take place in a continuous but episodic manner without marked loading and unloading of the lobes. Further, the observed quasiperiodic ejection of plasmoids down the tail appears to remove or suppress the development of the closed field-line flank LLBL. Variable polarity IMF B Z , especially on time scales comparable to Mercury's Dungey cycle, produces large-amplitude, substorm-like tail loading and unloading, a high-b plasma sheet, reconnection X line formation very close to Mercury, and plasmoid ejection around the time of peak tail loading. Although not treated here, MESSENGER did observe clear evidence for plasma electron acceleration and heating during the flybys, but not above the cross-magnetospheric potential of $30 keV [Slavin et al., 2009; Ho et al., 2011] .
[40] The analysis of the MESSENGER magnetic field observations taken during the three flybys have laid a foundation for the orbital phase investigations to follow, but they leave open many of the most important questions. These include (1) the number density, degree of thermalization, and spatial distribution of the heavy planetary ion populations known to exist at Mercury [Ip, 1987; Delcourt et al., 2003; Zurbuchen et al., 2008; Vervack et al., 2010; Paral et al., 2010; Yagi et al., 2010] ; (2) the nature of the electrodynamic coupling of the high-altitude magnetosphere to Mercury [Lyatsky et al., 2010] ; (3) the primary mechanism and properties of energetic particle acceleration within Mercury's magnetosphere [Schriver et al., 2011] ; and (4) the final reconciliation of the Mariner 10 energetic electron acceleration events with the much weaker acceleration and heating observed by MESSENGER [Baker et al., 1986; Christon et al., 1987; Ho et al., 2011] . Further observations from orbit about Mercury are needed to make further progress on these open issues.
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